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The result presented by the BOSS-SDSS Collaboration measuring the baryon acoustic oscillations
of the Lyman-alpha forest from high-redshift quasars indicates a 2.5σ departure from the standard
Λ-cold-dark-matter model. This is the first time that the evolution of dark energy at high redshifts
has been measured, and the current results cannot be explained by simple generalizations of the
cosmological constant. We show here that a simple phenomenological interaction in the dark sector
provides a good explanation for this deviation, naturally accommodating the Hubble parameter
obtained by BOSS, H(z = 2.34) = 222±7 km s−1 Mpc−1. By performing a global fit of the param-
eters with the inclusion of this new data set together with the Planck data for the interacting model,
we are able to show that some interacting models have constraints for H(2.34) and DA(2.34) that
are compatible with the ones obtained by the BOSS Collaboration, showing a better concordance
than ΛCDM. We also show that the interacting models that have a small positive coupling constant,
which helps alleviate the coincidence problem, are compatible with the cosmological observations.
Adding the likelihood of these new baryon acoustic oscillations data shows an improvement in the
global fit, although it is not statistically significant. The coupling constant could not be fully con-
strained by the data sets used, but the dark energy equation of state shows a slight preference for
a value different from a cosmological constant.
PACS numbers: 98.80.-k, 95.36.+x, 98.80.Es, 95.30.Sf, 98.80.Jk
I. INTRODUCTION
One of the biggest challenges in cosmology and astro-
physics nowadays is to understand the nature of the two
most abundant components of the Universe: dark energy
and dark matter. These are usually described as two in-
dependent components where dark matter is responsible
for most of the nonrelativistic matter in the Universe and
where dark energy is responsible for the late time acceler-
ation of our Universe, which is described by a cosmolog-
ical constant in the Λ-cold-dark-matter (ΛCDM) model.
This standard model is widely used to describe the cos-
mological evolution of the Universe [1], and it fits very
well the current observational data. However, this model
has some theoretical and observational challenges (see,
e.g., Ref. [2]) that open the way for alternative models of
dark energy.
Recently, the Baryon Oscillation Spectroscopic Sur-
vey (BOSS) experiment of the Sloan Digital Sky Survey
(SDSS) Collaboration presented new evidence against
the ΛCDM model [3] based on the measurements of
the baryon acoustic oscillations (BAO) flux-correlation
function of the Lyman-alpha (Ly-α) forest from 158, 401
quasars at high redshifts (2.1 ≤ z ≤ 3.5). Compara-
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tively to previous experiments, they provide the line of
sight and tangential BAO components, and this allows
one to determine the angular distance and the Hubble
distance independently. Their results indicate a devia-
tion from ΛCDM of the Hubble parameter and of an-
gular distance at an average redshift of 2.34 (roughly
2.5σ and 2.2σ deviations from Planck+Wilkinson Mi-
crowave Anisotropy Probe (WMAP) polarization data
and WMAP9+ACT+SPT, respectively). Assuming a
ΛCDM Universe, this implies a negative energy density
for the dark energy component, ρDE(z=2.34)ρDE(0) = −1.2±0.8,
which is 2.5σ away from the expected value. We point out
that BOSS is not optimized to observe quasars at such
high redshifts. However, if more data or other experi-
ments show that this discrepancy stands, then it would
indicate that ΛCDM needs to be revised. Its simplest
generalization would consist in allowing for dynamical
dark energy (see Ref. [4] for a review), but this would
not be enough to fix this discrepancy. In dynamical
dark energy models, all matter contents are individu-
ally conserved, and so, agreeing with the BOSS result
for H(z = 2.34) would require a negative energy density
for dark energy [3]. This may lead one to study very
exotic forms of dark energy.
A simpler solution is to consider interacting dark en-
ergy. Indeed, dark energy could couple to gravity, neu-
trinos, or dark matter since its effects have only been de-
tected gravitationally. Interaction with baryonic matter
(or radiation) has very tight constraints from observa-
tions [5] and must be very small or negligible. In this
sense, we are interested in models in which dark energy
interacts with the dark matter component. In a field the-
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2ory description of those components, this interaction is
allowed and even mandatory [6, 7]. However, the main
motivation to introduce such an interaction is to allevi-
ate the coincidence problem, which can be done given an
appropriate interaction.
Since the nature of the dark sector is unknown, the
study of these coupled dark energy models is challeng-
ing. Many different models of this interaction have been
studied in the literature from the point of view of either
interacting field theory or phenomenology (for a classi-
fication of those models, see Ref. [8]). As an example
of phenomenological study, one can consider holographic
dark energy or a quintessence field interacting with a dark
matter fluid [9–13]. There are also attempts to develop
Lagrangian models where one postulates an interaction
between the scalar field, playing the role of dark energy,
and a fermionic field, playing the role of dark matter
[6, 14–16] (see, however, Ref. [17]).
Recently, there have been studies of interacting dark
energy models in light of new probes [18–21]. However,
we note that there has been only little exploration of
the consequences of the results from BOSS in the liter-
ature [22–24], and these studies do not explore the idea
of interacting dark energy and dark matter. Thus, it
would be interesting to see what the phenomenological
implications from BOSS for interacting dark energy are.
Since this model allows for one of the components to
decay into the other, we claim that energy flow from
dark energy to dark matter implies a smaller amount
of dark matter in the past, thus accommodating for the
value of the Hubble parameter at z = 2.34 found by
BOSS and still maintaining the cosmology today close
to ΛCDM. For a first test, we perform a comparison
by showing that the observational value of the Hubble
parameter from quasars given by the BOSS Collabora-
tion, H(2.34) = 222 ± 7 km s−1 Mpc−1, is consistent
with the interacting model with a small positive coupling
constant. This comparison serves to indicate that the in-
teraction is able to accommodate the BOSS Collabora-
tion result. After that, we perform a full Markov chain
Monte Carlo (MCMC) analysis using the new BOSS
data together with the Planck data for the interacting
model. We show that the constraints on H(z = 2.34)
and DA(z = 2.34) for the interacting model are compati-
ble with the values obtained by the BOSS team, showing
a slightly better concordance when compared to ΛCDM.
II. MODEL
A. Theoretical setup
Given the energy conservation of the full energy-
momentum tensor, we can suppose that the fluid equa-
tions representing dark energy (DE) and dark matter
(DM) are not conserved separately. In a Friedmann-
Robertson-Walker Universe, we take
ρ˙DM + 3HρDM = QDM = +Q ,
ρ˙DE + 3H (1 + ωDE) ρDE = QDE = −Q , (1)
and all other components follow the standard conserva-
tion equations. In the above equations, ρDM and ρDE are
the energy densities for dark matter and dark energy, re-
spectively; ωDE = pDE/ρDE is the equation of state (EoS)
of dark energy, considered constant in this work; and Q
indicates the interaction between dark energy and dark
matter. One can take the Taylor expansion of the general
interaction term Q(ρDM, ρDE), and thus, it can be repre-
sented phenomenologically as Q ' 3H(ξ1ρDM + ξ2ρDE),
where the coefficients ξ1 and ξ2 are to be determined by
observations [13, 25]. Following our definition, if Q > 0,
then dark energy decays into dark matter, and for Q < 0,
the energy flow is in the opposite direction. The first case
is consistent with the requirement that the energy den-
sity for dark energy must be of the same order as the one
for dark matter for a longer period of time in order to
alleviate the coincidence problem.
The validity of the phenomenological interacting dark
energy model was studied in Ref. [11], where it was found
that the curvature perturbations can always be stable
when the interaction is proportional to the energy density
of dark energy, i.e. when ξ1 = 0 while ξ2 6= 0, except
when ω = −1, which represents a central singularity in
the cosmological perturbation equations. This is true for
a constant EoS within the ranges −1 < ωDE < 0 (we
call this model I) and ωDE < −1 (we call this model
II). If the interaction term is proportional to the dark
matter energy density, i.e. ξ1 6= 0 while ξ2 = 0, then the
curvature perturbations are only stable when ωDE < −1
(we call this model III). The models are summarized in
Table I.
TABLE I: Interacting dark energy models considered in this
paper.
Model Q DE EoS
I 3ξ2HρDE −1 < ω < 0
II 3ξ2HρDE ω < −1
III 3ξ1HρDM ω < −1
In this framework, the Friedmann equations can be
written as
H2(z) =
8piG
3
[ρDE(z) + ρDM(z) + ρb(z)] , (2)
H˙ = −4piG [ρDM(z) + ρb(z) + (1 + ωDE)ρDE(z)] , (3)
where we are considering a Universe composed of only
dark energy, dark matter, and baryons (ρb). We will use
these equations to construct the Hubble parameter for
each of the interacting models and compare it with the
Hubble parameter inferred from the BOSS quasar data
in the next subsection.
3For models I and II, the energy densities for dark en-
ergy and dark matter behave as [12]
ρDE = (1 + z)
3(1+ωDE+ξ2)ρ0DE ,
ρDM = (1 + z)
3
×
{
ξ2
[
1− (1 + z)3(ξ2+ωDE)] ρ0DE
ξ2 + ωDE
+ ρ0DM
}
, (4)
where the superscript 0 indicates quantities measured to-
day. The baryonic density is given by the standard ex-
pression, proportional to (1 + z)3. For model III, the
evolution of the energy densities is given by [12]
ρDE = (1 + z)
3(1+ωDE)
(
ρ0DE +
ξ1ρ
0
DM
ξ1 + ωDE
)
− ξ1
ξ1 + ωDE
(1 + z)3(1−ξ1)ρ0DM ,
ρDM = ρ
0
DM(1 + z)
3−3ξ1 . (5)
One can see from these equations that if there is an
energy flow from dark energy to dark matter (i.e., if the
coupling constant is positive), then the energy density for
dark matter is always smaller than what one would ex-
pect in the standard ΛCDM model. Since ρDM is the
dominant contribution in the Friedmann equations at
higher redshifts and since observations indicate that the
Universe is well explained by the ΛCDM model at low
redshifts (e.g., Ref. [1]), one can see from Eq. (3) that
the interaction implies a smaller Hubble parameter in
the past in comparison with ΛCDM, when H0 is held
fixed and for a positive coupling constant.
Furthermore, this mildly helps alleviate the coinci-
dence problem (the fact that we do not understand why
the energy densities of dark energy and dark matter are
so close today). As it can be seen in Ref. [26], a positive
coupling constant implies that the quantity r ≡ ρDM/ρDE
decreases at a slower rate in the interacting model than
in the ΛCDM model. This makes the energy density of
dark energy closer to that of dark matter in the past,
giving us a better understanding of their closer values
today.
B. Hubble parameter at z = 2.34
In order to gain some intuition before performing the
proper statistical analysis, let us see whether the mea-
sured value of the Hubble parameter by the BOSS Col-
laboration, H(2.34) = 222±7 km s−1 Mpc−1, can be ac-
commodated by the phenomenological interacting mod-
els introduced above. From this perspective, we compare
the Hubble parameter constructed theoretically with its
observational value at z = 2.34.
In order to compute the value of the Hubble parameter
from Eqs. (2), (4), and (5), one needs several cosmological
parameters such as H0, Ω
0
DE, Ω
0
DM, and Ω
0
b. The stan-
dard ΛCDM parameters found from the Planck analysis
were used by the BOSS Collaboration (listed in Table
II). We first use these parameters and the dark energy
EoS set to1 ωDE = −1 to construct H(z), and we show
the resulting Hubble parameter at z = 2.34 with respect
to the coupling constant ξ in the left panel of Fig. 1.
Alternatively, in the right panel of Fig. 1, we use the
adjusted cosmological parameters found in Ref. [27] (in-
cluding ωDE 6= −1) from the analysis of the interacting
models using Planck, BAO, type Ia supernovae (SnIa),
and H0 data. The goal of using different sets of cosmo-
logical parameters is to see if the parameters adjusted to
the interacting models yield a different prediction than
the parameters adjusted to ΛCDM.
TABLE II: Cosmological parameters used by the BOSS Col-
laboration [3].
Parameter Best fit σ
h 0.706 0.032
Ω0DMh
2 0.143 0.003
Ω0DE 0.714 0.020
Ω0bh
2 0.02207 0.00033
We recall that the BOSS Collaboration measured
H(2.34) = 222 ± 7 km s−1 Mpc−1, and this is indicated
by the dashed gray line and by the 1σ and 2σ shaded
areas in Fig. 1. In comparison, standard ΛCDM cosmol-
ogy predicts H(2.34) ≈ 238 km s−1 Mpc−1 when using
the cosmological parameters of Table II. This is repre-
sented by the green star in Fig. 1, which lies outside the
2σ measurement from BOSS. In the left panel of Fig. 1,
all the curves that correspond to interacting dark energy
pass through the green star at ξ = 0. This is because
when the coupling constant vanishes there is no interac-
tion left, and we recover ΛCDM (since we set ωDE = −1).
We also note that model I and model II correspond to
the same curve, because in the limit where ωDE = −1,
they correspond to the same model (recall Table I). In the
right panel, we see that allowing for ωDE different than
−1 can significantly alter the prediction for H(z = 2.34).
Yet, all the curves can be in accordance with the Hub-
ble parameter inferred by BOSS given a nonzero cou-
pling constant. Comparing the left and right panels for
model I, we notice that different cosmological parame-
ters require a different sign for the coupling constant ξ
in order to match the BOSS result. This indicates that
model I may not be fully robust at explaining the ob-
served value of H(z = 2.34) from BOSS. For models
II and III, we see that the theory can easily be within
the 1σ shaded area for a positive coupling constant in
both panels. We notice that in order for the H(2.34)
theoretical value to match the BOSS measurement, the
values of the coupling constant have to be larger in the
1 The interacting models are not well defined at the perturbative
level if ωDE = −1, so we view ωDE = −1 as a limit in this case.
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FIG. 1: We plot H(z = 2.34) as a function of the coupling ξ (corresponding to ξ2 for models I and II and to ξ1 for model III).
The interacting models correspond to the colored lines since they depend on the free parameter ξ, the coupling constant. The
left panel represents the Hubble parameter calculated using the cosmological parameters from Table II and with ωDE = −1.
The right panel represents H(2.34) using the parameters found in Ref. [27] (including ωDE 6= −1; see Table X for model I,
Table XI for model II, and Table XII for model III) obtained from Planck+BAO+SnIa+H0. The dashed gray line is the BOSS
measured value of H(2.34) = 222± 7 km s−1 Mpc−1, and the shaded areas represent 1σ and 2σ deviations from this average.
For the sake of comparison, the green star represents H(2.34) = 238 km s−1 Mpc−1, the value expected for ΛCDM given the
cosmological parameters in Table II.
right panel where the cosmological parameters were ad-
justed to Planck+BAO+SnIa+H0 data using the inter-
acting models.
At this point, Fig. 1 provides us with indications that
a positive coupling constant allows one to explain in a
very simple way a smaller value of the Hubble param-
eter in the past, which is not possible with ΛCDM or
dynamical dark energy and without requiring a very ex-
otic dark energy component. The fact that we obtain a
positive coupling constant for some models is interesting,
since it is precisely positive values that help alleviate the
coincidence problem. Thus, this model gives a natural
explanation for the energy densities of the dark compo-
nents at low redshifts and also at high redshifts since they
may explain the BOSS data.
This gives us evidence that the interacting dark energy
model has the required features to be able to explain the
different cosmological evolution shown by the BOSS Col-
laboration at higher redshifts. However, this difference
from ΛCDM dynamics is also encoded in the angular dis-
tances, as inferred by the BAO measurement. We now
compare the results for these parameters by performing
a global fit analysis of the interacting model with the
currently available data.
III. ANALYSIS
A. Methodology
Now that we see some evidence that the interact-
ing dark energy models can explain the deviation from
ΛCDM observed by BOSS, we perform a Bayesian statis-
tical analysis of those models with the Planck and BOSS
Ly-α quasar data. We wish to compare the interacting
dark energy models presented here against ΛCDM and
test their predictions with the addition of the new BOSS
data. In order to achieve this, we perform a global fit
by running the CosmoMC package [28], a publicly avail-
able code that performs an MCMC parameter sampling.
To include the interaction between dark energy and dark
matter, we modify the Boltzmann code CAMB [29] by
adding the coupling constants ξ2 for model II and ξ1 for
model III and by adding the constant dark energy EoS to
the baseline ΛCDM parameters used by Planck [1]. From
now on, we will omit model I from the analysis since this
model showed us it was not very good to explain the new
BOSS data. Also, this model does not help alleviate the
coincidence problem. Model I will be explored in more
detail in a follow-up paper.
The goal of this work is to compare the results of our
global fit of the cosmic distances and expansion rates for
the interacting models with the results obtained by the
BOSS Collaboration. We also want to derive parameter
constraints using cosmic microwave background (CMB)
and BAO data, testing the sensitivity of the parameters
and in the total goodness of fit when we include the new
BAO data from higher redshifts. The novelty of this work
is in the BAO data that we use. The BOSS Collaboration
was the first team to measure the BAO from the auto-
correlation of the quasar Ly-α forest for higher redshifts.
We use the autocorrelation measurements from the DR11
catalog from the BOSS experiment of SDSS which con-
tains 158, 401 quasars in the redshift range 2.1 ≤ z ≤ 3.5
5[3]. From the same volume, cross-correlation of quasars
with the Ly-α absorption forest [30] was obtained for the
same redshift range. We are able to use both sets of data,
since those can be considered as independent, given that
the fluctuations in the measurements are dominated by
different sources of systematics and not by cosmic vari-
ance. This analysis can be made by using the baofit soft-
ware provided by the BOSS Collaboration and the χ2
surfaces provided for each one of those measurements2.
For our global fit of the interacting dark energy models,
we used the Planck 2013 TT power spectrum in both the
low-` (2 ≤ ` < 50) and high-` (50 ≤ ` ≤ 2500) regimes.
Together with the Planck data, we include the polariza-
tion measurements from the nine-year WMAP [31], the
low-` (` < 32) TE, EE, and BB likelihoods. In our first
analysis, to illustrate the tension in the distance measure-
ments between the BOSS measurement and our global fit
using Planck data, we combine the autocorrelation and
cross-correlation χ2 surfaces provided by the BOSS Col-
laboration.
We also perform a joint analysis, where we include
in the CosmoMC analysis the likelihood of the BOSS
quasar Ly-α forest at z = 2.34. We can combine this
new BAO data set with the CMB data sets since they
are completely independent. This was made in a very
conservative way by inserting the two sets of Gaus-
sian likelihoods constructed with the best fit values of
(DA(z = 2.34)/rd, DH(z = 2.34)/rd) for the autocorre-
lation and cross-correlation given in Refs. [3, 30]. This
appears to be a good choice, given that the study of BAO
from Ly-α is a novel field3.
We used flat priors within the Planck 2013 ranges for
all the “vanilla” ΛCDM parameters [1]. The coupling
constants4 and dark energy EoS also received flat priors
with ξ2 ∈ [0, 0.4[ for model II, ξ1 ∈ [0, 0.01] for model
III, and ω ∈ [−2.5, −1.001] for both models. We recall
that we cannot allow for ω = −1 since this represents a
singularity in the perturbation equations. The priors are
summarized in Table III.
TABLE III: Priors for the parameters of the interacting dark
energy models. We recall that the definition of the different
models is summarized in Table I.
Model Prior on ω Prior on ξ
II [-2.5 , -1.001] [0 , 0.4[
III [-2.5 , -1.001] [0 , 0.01]
2 Available at http://github.com/deepzot/baofit/.
3 Although this is a novel field, Ref. [3] claims that the results are
robust according to a consistency check using mock catalogs.
4 The coupling constants are expected to be small and positive,
for models II and III, from the previous analysis of Ref. [27].
This was also indicated by the analysis in Fig. 1. These results
motivated our choice of priors for the interacting dark energy
parameters.
B. Results
We wish to compare the constraints in DA(z =
2.34)/rd×DH(z = 2.34)/rd found by the BOSS Collabo-
ration with the global fits of the interacting dark energy
models. We present these results in Fig. 2. The black
contour curves show the combined contours from the
BOSS data for the autocorrelation and cross-correlation5,
given that those data are independent.
First, we perform the analysis using only CMB data
for the ΛCDM and interacting dark energy models. The
constraints are shown by the blue contours in Fig. 2 for
models II and III. We show for comparison the ΛCDM
best fit values (green lines), where we obtain results com-
patible with Ref. [3], which confirms that ΛCDM dif-
fers from the BOSS combined contours by at least 2σ.
When we test the interacting models (blue contours), this
difference is reduced, and we can see that the contours
overlap with the 2σ region of the BOSS combined data.
Model II, for which we find6 DH/rd = 8.72(8.73)
0.09
0.05 and
DA/rd = 11.69(11.63) ± 0.08, shows the biggest overlap
with the BOSS results (1.5σ and 1.7σ for DH/rd and
DA/rd, respectively). The very elongated contours of
model III imply that this conclusion is less strong in this
case.
Although we show an apparent better concordance
in comparison with the marginal overlap that ΛCDM
presents for DA(z = 2.34)/rd × DH(z = 2.34)/rd, this
does not represent an improvement in the fit, since the
addition of extra parameters in the model can be the
responsible for that. We can see the same type of
not-statistically-significant improvement for ωCDM and
other dynamical dark energy models in Ref. [22]. If you
compare the constraints of our model II with the ones
for ωCDM at z = 2.34 (see Fig. 7 of Ref. [22]), you can
see that those contours almost overlap, showing a similar
concordance with the new BOSS data.
Following that, we perform a joint analysis of the BOSS
quasar Ly-α data together with the CMB data. We wish
to compare the improvement of the fit when including the
new BOSS data. Our results indicate that ΛCDM is not
sensitive to the inclusion of this data set (BOSS quasar
Ly-α data), and therefore it cannot accommodate the
change in the Hubble parameter at high redshift. This
shows a tension between those data sets.
The global fit of all the parameters of the interact-
ing models reveals that the best fit values of the six
vanilla ΛCDM parameters are compatible with the ones
obtained by Planck [1], except for model I, where the
values for the density of matter show they are not in
agreement with the Planck value. We use ∆χ2eff to quan-
tify the improvement in the maximum likelihood of the
5 These contours are the same as the black contour curves that
one can find in Fig. 13 of Ref. [3].
6 Best fit values are presented inside brackets.
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FIG. 2: Plot of the 68.3% and 95.5% likelihood contours in DA(z = 2.34)/rd×DH(z = 2.34)/rd comparing the BOSS combined
(autocorrelation and cross-correlation) contour in black with the results for the interacting models from the runs using Planck
data in blue. Interacting model II is shown in the left panel and model III in the right panel. The green lines show the best fit
values for ΛCDM.
interacting dark energy models using only Planck data
in comparison to when we combine it with the likelihood
from the BOSS team quasar data. We found ∆χ2eff to be−0.04, −2.88, and −1.85, for models I, II and III, respec-
tively. Although these improvements are not statistically
significant, they indicate that the interacting models, and
especially model II, are mildly favored by the data. An-
other test that also shows that the improvement between
the runs is not statistically significant is the reduced χ2,
computed for all models. This test takes into account
that the interacting dark energy models have two ex-
tra degrees of freedom, in comparison with the ΛCDM
model. The difference in the reduced χ2 between the
interacting models and ΛCDM is not significant; e.g.,
model II presents the biggest “improvement” of the or-
der of 10−5. However, one needs to be very careful when
using an improvement diagnostic like ∆χ2eff since the best
fit values in CosmoMC may not be fully trustworthy and
since this result could come from statistics overfitting the
noisy data [32].
In the MCMC analysis of the interacting models, we
also obtained the adjusted values of the coupling con-
stants. As was shown in Ref. [27], using only the Planck
data is not sufficient to fully constrain the coupling con-
stants. We note that we obtain the same result here,
even with the inclusion of the BOSS quasar data: we find
ξ2 < 0.045 (0.048) for model II and ξ1 < 0.0016 (0.0015)
for model III. The upper bound on the coupling con-
stant for model II is close to the ones predicted in
Sec. II-B (see Fig. 1). Indeed, the corresponding Hub-
ble parameters that result from the MCMC analysis are
H(2.34) = 232(231) ± 2 km/s/Mpc for model II and
H(2.34) = 234(234)23 km/s/Mpc for model III, a little
bit more than 1σ away from the BOSS result7, resulting
in a reduced tension compared to ΛCDM. This indicates
that the interacting models are good candidates to ex-
plain the observed deviation from ΛCDM from high-z
BAO probes. The upper bound on the coupling constant
for model III is much smaller than expected from Fig. 1.
Still, it represents an improvement over ΛCDM in ex-
plaining the BOSS results as seen from Fig. 2, although
to a smaller extent than model II.
The upper bounds found for the coupling constants
are compatible with small positive values. Although we
cannot exclude the possibility that the coupling constants
are zero with the data set used, we can see from the
constraints obtained for the EoS of dark energy that our
models are not consistent with ΛCDM. The EoS for dark
energy obtained in the MCMC analysis are the following:
7 We would like to stress that H(z) is a model-dependent quantity,
while DH/rd is not. It is in this context that we compare our
results with BOSS. However, since we find that the fitted values
for rd are approximately equal to what one expects in ΛCDM
(given the use of the Planck data), we can still compare the Hub-
ble parameter values for the interacting models with the BOSS
result.
7FIG. 3: Contour plot of the EoS for dark energy (ω) vs the
coupling constant between dark energy and dark matter (ξ).
In purple, we present the interacting model II, and in gray,
we present the interacting model III fitted to the Planck data.
The cosmological constant Λ of ΛCDM corresponds to ω =
−1, and it is depicted by the dashed black horizontal line.
considering only Planck data, ω = −1.51(−1.55)+0.32−0.30 for
model II and ω = −1.75(−1.668)+0.46−0.29 for model III. We
can also see the constraints in the ω × ξ plot, presented
in Fig. 3. The dashed black horizontal line represents
the value of the dark energy EoS for ΛCDM, ω = −1.
These contours show a small preference for ω < −1 rather
than ω = −1 given the priors, ω = [−2.5 , −1.001], with
model II showing a slightly tighter constraint than the
prior range. This result should be interpreted carefully
since our prior is very close to −1 (but it is not including
−1), and there can be boundary effects that might not
be taken into account. Also, we have a large degeneracy
between ω and ξ.
A more detailed analysis will be presented in a follow-
up paper where we will combine this analysis with differ-
ent cosmological probes, aiming at fully constraining the
coupling constant of the interacting models.
IV. CONCLUSIONS
In this paper, we explored the consequences of interact-
ing dark energy in light of the recent results by the BOSS
experiment. The BOSS data indicate that the Hubble
parameter at z = 2.34 is smaller than what one would
expect from the standard ΛCDM model, something that
cannot be explained by simple dynamical dark energy
models such as quintessence. Our results suggest that
interacting dark energy can naturally explain the BOSS
data without introducing exotic forms of dark energy.,
although further studies are necessary.
We tested three different phenomenological models of
interacting dark energy. First, we computed the theo-
retical value of the Hubble parameter at z = 2.34 for
different sets of cosmological parameters. Models II and
III showed they were in good agreement with the obser-
vations for a small positive coupling constant. Further-
more, such a positive coupling constant can help alleviate
the coincidence problem. Model I was omitted from the
analysis since it did not contribute to reducing the ten-
sion with the BOSS data, and also, in general, it does
not help relieve the coincidence problem.
We then performed a global fit of those models given
the Planck 2013 and BOSS quasar Ly-α data. This
showed that models II and III present a bigger overlap
with the BOSS Collaboration results than what ΛCDM
achieves. However, this improvement and also the im-
provement in the χ2 when we made the joint analysis
with CMB and BOSS likelihoods do not seem to justify
the inclusion of extra parameters in the model as done by
the interacting models. In this analysis, we can also see
from the EoS obtained that those models are marginally
different than ΛCDM. Yet, the results still suggest that
the interacting dark energy models presented in this pa-
per can be used to explain the deviations from ΛCDM
found in high-z BAO, and they represent a simpler solu-
tion than invoking exotic dark energy models.
In order to further constrain interacting dark energy
models, one could refine the analysis done in this work
by using more data sets and by combining the BOSS
data with other observations. A more detailed analy-
sis of the global fit of those models with the inclusion
of BOSS data is the topic of a follow-up paper that is
currently in preparation. We also need improvements in
the BAO data at high redshifts. For models that allow
the Hubble parameter to change with time such as in-
teracting dark energy and other dynamical dark energy
models (e.g., see Ref. [22]), we can see that the inclusion
of the BAO data set changes considerably the results, in-
dicating that this new data set is robust. However, with
the use of only high-redshift BAO data, we are still not
able to statistically differentiate between models of dark
energy. New large scale structure surveys, like the JPAS
telescope [33], will be able to reproduce and improve the
BAO measurements at high redshifts since this instru-
ment is supposed to be optimized to measure quasars
at high redshifts compared to previous experiments [34].
Other large scale structure new windows of observation,
like the 21 cm emission line from neutral hydrogen, will
also contribute in the future for constraining dark energy
[35]. Interacting dark energy models might also help alle-
viate the tension between other large-scale structure data
sets and Planck such as, for example, cosmic shear probes
from CFHTLenS [36, 37].
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